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. cessnt-day computing faclUtico are limited in their value for vcientific 
w q t  arch by inability to interact atrongly with uberm. The fdl power of a 

r e # +  urch computing instrument should be available et many terminah that give 
leer Uie ability to generato, correct and operate any procedure he wishcm, 

either simple OF complex. The qwlitiar of oontinuou. accsmaibflity and fagt 
reaponae to oimple taske  are crucial in t h h  context. The background of thin 
CQ- ept and ~OMI  of itr implication# d t h  rcb#pect to machine dedgn are dir- 
cu *d in the firrt_partof thf8 paper. 

'a-le recond part deecriber the Lmplemcbntatlon of a rmall-scale rnulti-ur~or 
cc' , uter myatem that permito several umco to work independently with the 

\.h nine, and obtain quite eatlafactory rcrponoa uoing typewriter communi- 

_cI 

cetron. The aptem alro provide. for the connection a;l special equipment to 
oe operated by the program of a particular uror. Some of t h m  idear developed 
for thio ryrtrm wlll  ba of ralua Ln thr deeign a# futur8 i8rgo-ramh faaUltier. 
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INTHOD UCTION 

With  the maturing of the art of cornputation, we are now In pornseasion of 
vastly more powerful aalculmtlng inbtcuments In terne of pi,. ed and memory 
cayncity, Procedurer of great cornplexlty are amenable to mechanization, ana 
armplo calculationo are aocomplished r o  faot that the atart and finbh cannot 

cm reaolved. It now apparent, however, that our presen: meanu of commun- 

A c n l k h ~  with rutomatlo computere are not aompatible with there greater c a p b i b  
Atleu: Too much effort muet bo expended to ret up even tho rimplect calculation 
for automatic operation. Our trchniqueo for mechanizing complex procedure. 
are antiquated, end do not b k 8  full advantag. of the internal capabilities of 
preeent -day machineo. 

It fe now recognized that improvement of thio situation require@ the ability 
of o machine to tnterect rtrongly with i t a  8nvironmant - meaning phyaicarl aouruea 
or" uata and equipment that are being controlled, aa well a8 the human u8erp1 of 
tho ~.-~aichine. Tha provirrion of computere with this rrbuity i s  crucial to their 
eii'edvenese for educetion nnd creative remarch. 

A t  prrroent, availnble commrrcbl machineo etiU foU rhort of providing 
Ut! rind of interaction ability needed for progrerr in rpcientlfia applicationrr. 
'4 ~ A U J  etato of affair# eVtolV8d from tho demurdrr placed OD computer manufacturers 
by their best cuotomaro - government md lnduoitry - for whom creative ocicntifia 
reeeorch playa (L relativsly minor role, Prrrrent maakin8 design. are oriented 
toward rdminlrtratlve and operational data proceooing. 

orid prominent lndurtrial laboratorier -to ernph~siao the need for a traneforma- 
tron in 010 qwlity of aornputation facllitlem arallablo for sciontilla work. Tbe 
M. I. T. tong Range Computatlon hstudy Committee bar oxaminad thio problem 
In dstall, and h a m  reached thir concluriont 

* 

+ 

T h U B ,  It f a 6  to the battic? rererrch community - OUT ~ d u c p t i o ~ l  h 6 I ~ t U t l M t b  

"The computation needs of education rnd remarch cen be met beat 
by IO large, powerful aomputer I &tern dlractly controlled from a 
nr rber of remote conaoleo whic K provide rapid accem to the fill 
crrpabilitier of the central maahlne, md a qulak rorponrm to #implo 
trek# requamtad by it, ~ i o r m . ~  
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The bubject of thle report ie a small-scale computer eyotern de8igned to 
provide the qualities of acceso and raoponsa envieioned by the Study Committee. 

Pert II 
giveo a f'umtional dercrlptioa oi the computer syctem in ita iaiti.1 form. Tbe 
p~rformanuo of thi8 ~yat8rn w U l  oerve many rerearch end teaching need., and 
WAU help in the p h m h g  oi a hrtura large-rcah facility. 

I 

I The background and motivation for this otudy ore preeented in Part 1. 
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PARTI. BACKGROUND 

THE CHARACTER OF ACADEMIC COMPUTER USAGE 

To underatand the character of computation facility needed in ah academia 
environment, the ~ t u r o  of computer uugo In a reaorrob oriented univrrrlty 
must be examinad. 

Porhaps the moet slpnlficant observation ir  that the major portion of academic 
computer usage ir devoted to program development. In education cornputera 
m a  uaedihtMch3ng tHB w t g  ~ f . ~ ~ 0 ~ ~ ~ ~ p r o ~ ~ a ~ ~ l n s  languagerr, numerical 
methodr, and other claemar of procedures. Gtudents of them prlnciplos learn 
mort offectlve~p by writing, terting, and running their own progrwmo. The 
camyuter oleo O.CVQI atudante a6 li calculating tnatrument for term projoctr and 
tneseo In wNch each task generally calla for tho coding of new combhatione oi 
hniluar urd original prooedurer . 

Reecarch in computer technique Ir aoncorned with the dcrrign and evaluation 
of algorithmr tor specific clorrso of mathematical and information-procorriug 
problamr, and inherently involve. the prsporntlon of ruitablo prograrna. 

lhs opylicatlons of computatlan to many broad area6 of areatha scientific 
and engineering med prograrnr ar tooh of rouearch. New toola aro continually 
being fashioned in the form of progrunr of greater power and wlth mor. con- 
venience of u ~ e .  

Program development require8 conriderable communication botwoen the human 
uliier and the machine: The algorithm muet be rtatad to the machine in an crpproprb 
ate programming language. The rource=languagi program ir than converted into 
a sequence of machine instruction6 by a compiling or eoaembling program. The 
procsers of program development would end here, were it not for the dlffkulty 
of writ ing down with aornplete accuracy the typic0fAy rather complex requenco 
of otcaa,makhg up P program atatemeat, The more aomplex the prweclure, the 
grsatek bocome the problemo of accuraoy, During the tramlation of the murce- 
languaga program, format Anconairtmnuier and othor miata&a# frequently ohow up 
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- .  
which require editing of the procedure otatement. Once a eucceroful translation 
of the program hap been accompliehed, errore in the formulation of tile alprrthnr 
muvt be traced and osrrected. These otepe aA1 require communication with '&a 

machlm, which i o  painfully olow w i t h  current machine-operating practice: 
powerful and costly computer muot be continually utillaed. Therefore progrnmru 
race gsnermlly run in batcherr with at least revenal hours, or QB much nu revsrili 

uays, required to conduct a brief "ConverQation" Bet,ween.mer asci machine cor&- 
oietlng of (L rtngle etaternant to tJa0 aomputer followed by the computer'e reuporrsa. 

The otaffn of computatlon ccnterr compenrate for thie reotrtcted communication 
obility by providing overelaborate reoponrec from the machine; the uoer compen- 
setee through elaborationo on the etatement of operatiom to be performed. TAaeua, 
consequencer are waatehl oi computer capaalty and - perhop. more important - 
wasteful of hwlaan effort. 

b 

Zxperimental . -- Computation 

A frequent use of diiital computation in research work i s  modeling the toliirvisr 
of a physical sy~torn. Once CL program for performing the simulation hao bem 
devoloped, the reerearcher generally wants to evaluate ita performanco under a 
variety ofcmrlftiono, or to a4uot parametera of the syatem for optimum porforrn- 
mco. In general, convenient accesm and quick rerpneo are requirod for the 
power of t&o eornputm to be of greatert d u e  to ?he exporlsrenter. 

Conducting Erperimsntr with On-line Computation -- 

In many reaearch opplicatione the computer lo  wed as a sophicticoted data- 
proceraing device In which the dah mourcw are experimantr that are beiw earrid 
out in renearah faboratorfr8, 60me rdiont axampler ar'. nuclear phyoicr experl- 
menta with high-energy partlcle acceleratora, dirsct obeervatioxa of the behavior 
of animal nsrvour aystemo, and tho evaluation of pryohopbysical experiment#. A 
number of other poaoibilithe rwaltrr adsquato computatlon lacilltie. for rorloue 
.xploitation. 

A t  preoent, it  ir gsnarally neceraary to record data during the experiment, 
and proceos i t  leter when computer tlmr i o  available, Not only doe8 thle repulro 
expenoivo equipmant or tediouP tronraription, but the delay in proceaaing and 
preoaating rerulto ir fruetratiag to tho owperimentrt, P'requently, the proco.red 
data, U immodlately aVQUIbl0, would onablo the rrperirnerrter to change t h ~  

\ 



conditiorw of the experiment to obtain more significant data. In marqj c a m @  the 

computer could even control the conduct of an experhnent with  mom accuracy and 
precision thcw the human experimenter, and with more flexibility and sophiwtl- 
cation than be could af?ord the time and effort to buUd into fpeciol apparatus. 

En oome inetances, @mall general-purpose cornputera are ubed to proceoa 
such data on-line. The character of the proceooing, however, ir quite lirnitecr 
by the capabilitiee of the equipment being uoed, Computation faaiAitieo are nccaded 

which mako the capabilitior of a powerful procroPor available for on-linr ewperi- 
men tal applio ationo . 
Uncxploited -_ Applicationa 

I 
I 

! 

We have ekamlned the way in which present wage of computation in the 
unlveroity Luffed@ from the Anadequate acceiua ~ n d  responsle propertieer of our 
preeent computation faofAitioa, As more complex procedure@ are devised for 
reserdch studies, thio lack will  become increwoingly apparent. ITurtiwrmore, 
there are M n y  problsma 16r which &@tal coinp~tation would be uaed and mwv- 

i r e o  that a' omputration facility would provide, except for the difficulty of acmao. 

But for twq problem, the desk aalculator would be oboolete. Sesrvicea P U C ~  6 ~ -  

commonly jured numerical prQcedureB, atrtomatlc algebraia manipulation, sptollc 
inteprotio;, thr indexing and retrieval of docua~entcl, can be mechanized effcctively 
with know; techaiquea, "%ear technique. are usleleoo with our prelclent facilitieo, 
for it& too much trouble for the ~ 0 8 f  to phraue hir rlanplo quertion to the corn- 
yuter, 

I 

P 

. _  

. 
QUALITY OF FACfUTY NEEDED 

From the nature of academio use of computation, tbo ideal mcademio corn- 
, I  1 

putation facility muot p o r ~ a e ~  certain barrio qualities, Of grisateot irnportnnoe 
are the qualities of acceisn 
accecoible to it8 umra and ahodd ramat qulokly to raqueatm for r h p l e  t a e k ~  
of computation, 

ramponaec The facility ehoUb be continwsty 

TerminaA-hvicea 

To obtain these qualities it is necesoary to provide appropriate terminal 
device. for interaction botweon the uaec and tho machine, The msdium of can- 
mdcatioa ohould b. t&e$ whiah provider tho greateot convenience for the us0r. 
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In our experience with on-line uoe of coniputerld, a number 02 devices have 

yrovad particularly useful for communicating with ths machine. 
I ,  Tnewriter. -_ _ -  , A t  present, our techniques for preparing procedures €or 

automatic execution are totally dependent on character strings as the medium of 
communication. The typewriter is now the cheapeut and moet convenient aevicu 
for communlcating with a machine in this medium, A typewriter rorjuiree only 
Y very small portion of the capabilities ol a computer for Ate operation. Available 
ty9ewritera are far from ideal for thir mwvice, principally becauoea they are 
overly expenrJlive to connect to a computer &,nd are limited in termu of the character 
Set R V R f h b h  tO the U B W ,  

2. Graphic3 Displrry, The cathode-ray tube display ia a very flexible instrum 
rnent for premnting information to a wer in graphical form. Atthdugh more 
expsnsnve than a typewriter, a display allow0 a vileual preslentatioo of grophe and 
dagrairro which ie eaaiar to grasp and interpret than printed lists of numbers. 
A dililpiray may also be deeigned to permit rapid preeentation of text, 40 that the 

cornbirdion of kejrboard and dieplay can eubrrtitute for a typewriter. This has 
the disadvantage, however, that no permanent record ie made of a wcoiiveriafion* 
between uoer and machine. "hero is o variety of posolble lwelu of aophibtication 
in the deatgn of dioplay eyotcame with a correoponding variation in cor;f. "he 
kinct of Cxisplay layutem Urrat is most auitabls for general uti@, and offer@ a go& 

cornpromica with expense, ip ,  armatter of coneiderable debate. 
3.  -- Light Fen. A light pea ie o pen-&japed device that responds when a point 

within itr, amall field of view is Sntenvffied on Q cathodebray &@play, fn conjwcw 
tion with a display, a light pen givea the UOQP o convenient means of entering two- 

dimeneional relrrtfonehipe among q u a n t i t h  or objecte, and o handy way of selecting 

a particular member of o large aet of functions or objectn. 

adjuncta to a display/llght pen combination. Gitnply by preming a button, the 
uoer may quickly eelect the mode in which the light pen ia being wed, or choose 
amme operation to be performed on information that ir being dieplayad, h o b o  
hevo been arranged to give mronuul control over several poramatoro of o problem 
PO that thetlr effact a m  be directly observed in tho displayed rooulto. 

i 
4. Buttons and Knobs, Buttons and hobpi b v a  been found to be valuabie 1 

Form CI - -..-- of Information-Proceasing - Capcity 

in view of experience with tba meone of machine-uwr interaction described 
above, S t  ia Beoirabh to malt. t h e e  mrBia thc, primary ugor t e r m i d  devioeo 
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of a research coaputation facility. The form to ba taken by the groce~sin;; 
capacity of tho facility is the next question to be studfed, 

witit& limited ra6ources: Tfie processing capacity could be realized os er 6irrc;;h 

central syastom serving many uaers simultaneously, or the processing caprcity 
c o ~ i d  bs split into many relatively cmall Wt8, each serving one UBOT at a xme. 
The use of many small machineB is not a satisfactory solution, a8 it in  poscilica 
to provide superior aervice from a central computer rayatem for much lese 
expenoe tiwougk &e techniques of time-sharing. 

The Eiieo of machine that an individual can afford immediately places G l h i i  
en Qce complexity ol procedure that he can mechanize and the amount of data that 

can bo processed. On the other hand, an individual user, although hs needs &:e 
~cce5.s and response quaiitiesr that we bave eraphaeizad, cannot in general effectively 
uzllize the computation capacity of even a small computer. Bs needB to ponder 
r~r;;ultls of a cnlculatfon to determine the most appropriate next step. Furthermore, 
tkie amount of proccseing capability and memory, and the quality of interaction 
t. A tbe machine that o u86r requires vary. :: greatly in the course of time, and 
cl~raya afford an haprscim watch to thc capacity of 61 mall machine. 

C.̂ Licr dkadvantagss of the 8malI private computer are r0adily apparmt: ft 
cannot 3s sggliod to complex procedure8 requiring large  amount^ of main iforage. 
Sophisticated compi),ereP would not be, available. Internal program ftlaa ore not 
poosfbla without inorditlbltc, additional investment in equipment. 

Two major alternatives are apparent for serving a large numbor of u6;n"a 

- 

, 

Proportiss Required 02 a Central Data Procesoor 
I-- -.- -I 

These srgumonto lead to cowideration of how P centralized oomputing oyeterrr 
can be nrnanged to provtdtt a high quality of acceso to i ta uuero. The pmeval 
10y0~t of wch a @yetem ia uhown in Fig. 1, From our disicusafon of the nature 
of needed parformcaco, certain fundamental requitemsatr on the design of the 
rymtern ace evident. 

1, It muat be posiloible for a umr of the @yotan to write, edit, teat, and run 
nn arbltrory program in any available language oyotem, through appropriate uae 
of hlu terminal or con~ole. 

putation performed by another uer'o pro~~~orn ,  eraept An the t h e  required for 
completion. 

2. The operation ot one uger'e program muct not be allowed to affect the cow- 
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3. The syiitem muot be able to exocute simple procedurev witla convenience 
and C & A C ~ ~ ~ C Y ,  

4. Tho central machine musrt be capable of providing user-pro-ram inta~action 
of o quality witable for the tcrminal devices, srupecially the typewriter A ~ C L  L.,L;)IJ..Y 

omifi oajc ope mentione4 above. 
To attain the quality of acc%ao envisioned hero, the capability of the CU~L-;; 

r -~achin~ muot bo riruch tbat executing rasponma to airnph queries i from all E ~ J  

t~:rrm;ni~l~ requiree ody  a fraction of th0 rnachdai p r ~ c e s ~ h g  capacity. It iis 

d o o  evident that a l a r ~ e  computation facility with the above-mentionod propertho 
iid ~ d y  Joaieible If the syeten hila a large enough body of u00r8~ to make the overage 
emputation load comparable to tho capebility of the machine. 

REAUZATXON OF A TIME-SEURED COMPUTER SYSTEM 

The general configuration of OL oymrtarn having thsee qualities is, ahown in 3 % ~ .  l a  
X 2oworfu'l proceeolng and memory eltment ici coupled to many remote consjise 
for communication with UGB~B, end a number of data tormimls for coi-inecxioa ta 
eAptwiinenter A large auxiliary memory labeled program file in the f ipre  
ull p r o p m e  so that they may be called up by n UBBP from hi0 CO~IGO~Q whenovar 
tioucrad. Peripheral equipment permite bndling of large printing jobs, loading 
data Pror.1 epecial media, graph plotting, photographing of dinplaya, and other 
mise el l~noous functionor. 

Xi*, central processor of tho oystem must be able to obift attention among 
rdapendent tasake from many UPBFB. For t h i ~  to be, E U C C O S S ~ ~ ~ ,  thra e y ~ t e m  must 
have certain properties: I t  muat bs impossible for one program to interfere with 
correct operation of anothec program except in the tfma required to complete a 
computation. tjpecifically, BL program io prohibitcad from modifying tho contento 
of storage itrea~ not allocated to it, or operating input or output dsviceo not 
aasigned, Ease of prerervlq all machine conditlone pertinent to the operation 
of a propram f a  eseentiol for quickly ehifting from cme program to another. 

In terme of &wage requirexnentcs, b e  procase Of ehif'ting can be handfod in 
vgveral waye. One way i o  to have a main memory large enough to accommodate 
di-uultaneoualy OU programs that ere active at Q given time. In thio scheme one 
piwEram may oacupy different loaationo fa the memory on the aucceoaive  time^ 
that It becorrreo octiva. Nenue means muot be provided to allow a program to 
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operatc cozrectly from any area of memory. Alternatively, acelvc program, 
x a y  90 preserved on an auxiliary storairs device and brouzht into the max ~ ~ i - . ~ ~ ~ ~ '  

to opwate in succedon. lt appears that in a large tima-c:rzrea computer ayb- 
tern, the best choica wi l l  lie oomewhere between these extreme&. 

Available computing equipment is not now oriented toward time-simrsc 
operrrtion in the 801188 with which we are concerned here. n;lachines have 
deoigned to nhare proceosor oepebility among standard :nput/ouiTut oquiprr,;;.~.;, 
arid Chcrefore Include the facility to shift the procetaor'a attention among sub- 
routine& assocfoted with each fn/out device. No attention, however, is paid to 
potccting one routine Prom the actions of mother, or to saving all conditions 
2zrtiazt to a program'e operation. Although sevoral manufacturers have 
r c c ~ x l y  announced computing aystemo in which a number of programs may run 
consuzrently with complete independence, no manufacturer has yet acknowledged 
LL eqxiipment dssign the wan-machine interaction capability Ohat is necesroary 
for cficetive experimental computation. 

Since the universttiee have a need for U s  transformed character of COM- 

pu';atiea facility, it iar appropriate that they tska the isad in dosignin&, constructing, 
and cvslwting model8 of the quality of the rr~ystern that is needed. This reasoning 
has stimulated two project8 at M. I, T. aimed at demonetrating the, feasibilixy 
and dwirablity of a time-shared multiourser computation facility, Gne stuciy 
is being pursued by the M, 1. T, Computation Center, with an IBM 7090 computer 
used a8 the central processor.L4 The study described here wa6 made poseiblz 
by rha donation of a PDP4 computer tethw~04tpartrnent of Electrical Lngirneer~.z~:, 
Id. I. T., by the Digital Equipment Corporation, of Maynard, Massachusetts. 
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PART U. THE PDP-1 NULTX-USER SYSTEM 

The - - ." PL3-1 - ---..--- General-Purpose Digital Computer 

The PUP-), digital computer 119 a small-to-medium scale machine, with  bimry 
~.-i41mottc, p?r4iel operation, mda r n a g ~ ~ - ~ ~ ~ , ~ e ~ o r y ~ a ~ ~ n ~  a 5-peec cycle 

dement consiriita of the accumulator and memory buffer rsgistsr, w i t h  the in/out 
rt,gAotear included for ehifting, multiplication, and division. The mochino psrfozms 
arithxtic  witla one'@ complement binary numbera, Boolian operations on 18-bit 
worcicp, and a variety of &Ut operations. The basic memory element contains 

IC expancable to 65,000 worGL3. Random acceoa to the expanded memory ie oSc~l.tee 
throdt$h iadirect addruersing fn an extend mode selected by the program. 

kmrrdcrd fnput/output equipment for the PDP-1 lncludes a typewriter tkw;h 
vt:lich tile uaer may type haformation to an operating program, and ths ?rocxu  m.-; 
p,?mt d t a  and cornmontir Jn reply. A photoelectric tap0 reader oparratfxag at 4GO 
ciaracfera per second i s  the aw& m e w  of placing programs and data in t&e 
n;achme. A paper a p e  punch may be used to preoerve results, and to prepare 
p.r.,.whine language forms of programs written in a opboltc murce language. A 
& ~ p l a y  aystem permito &rap&icpl preoentation of reaulto, 06 plot0 on a cathode-ray 
tube. k light pen can be uoed with the display ae a vewatile graphical input to 
the maciPine. 7 

programming for the various idout davlces. trthm on input device i o  ready to 
banfirnit a unit of data, i t  interrupts the operation of a main program rad givtse 
control to a service rouUne thot accepts the data, then returas control to the 
main program. A aimilar reqwncr OCCWQ when M output devica bacomes nrady 
to accept the next uait of data. 

' time. The oyotem organization or the PDP i o  &own in Fig. 2. The arithmetic 

- 4096 word6 of 18 bits which are directly and ladirectly addretxtable. The MCZX~OL-Y 

- 

Tho k a t k  machtne includes a feguencq broak feature designed to allow efficient 

With the atondard machine t&r proceas of program development uraually 
proceed@ 99 followa: Soucce language programs am prepared in an assembly 
language in the form of punched paper tapes by using off-line tape-punching 

11 
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typewri ters .  The source program tape is then processed by the assembly 
proyarm which punches an object program in tho formA of a bimry coded  pa,^^ 

tape. The assembler also produces a pager tape con93intnl;: xbc voiues assigned 
to tho various symbolic oddresases and parameters used in the LOCFCC prozra 
The process of assembly generally uncovers a number OD clerical ei-ro2-o ~ X A  the 

coding of the source propun. The ueermmay decide to edit tkc GOWCO prc2r;c; 
off-lice and repeat the assembly, or he may correct the rnactidne-!sn~ua~c ~“;,sct 

program if the error8 were 8 h p l 0  and few. In any case, all but t k  i i m $ ~ i  
proparno are cortatn to contain error@ in their coding which Go not &ow u> 
dazing assembly, and muot be tracked down by running the prozram and eamiA%q 
tnterr=.,caiste results, 

A program known aa DDT (for ndobugging” programs) has &en prepared to 
halp the u68f in hie detective work. The user communicatee wit!! DCT thrcru$. 
tpI0 on-liae txxwriter. By typing requeots to DDT, he may examino and mo~ir j i  
ths corrtents of any register of hia program or data, or search memory for occur- 
rences of a particular instruction or referenceo to a particular location. Ereak 
points may be inserted into the program BO that computation stops when a spcci€iiea 
step aa a program i s  reached, thereby allowing exSaraination of intermctciiatc ret...i.’l;. 

An editing program iia also available for correcting mirce langmge program 
t&rou$i the on-line typewriter. Linos may be inserted, deleted or repIaccmd 
tbroul;b &nple commando interpreted by the editor. 

Rilulti-Ulrer Operation of the PDP-1 

::as bdcn to meet the general gozrlaa for an acad;?mic cornpubtion facility outlined 
in P x t  z of ~5 gaper in tfre form of EI relatively; small iwtallatioa. ~n particular, 
we hnva tried to retain a& far a& possible, with available funds, the ability of users 
to cor;amunic;ts with their programs through typewriter, display, and Atght pen. 
“he r=lodwt size of the oyatem allowu us to adopt the philosophy of placing 4&c 
qualitic3r3 of interaction ability and rehaponse t h e  for rjirnple tasks ahead of 
attaining maximum efficiency ~i execution for long programs. 
to gertrmit each user of the rystrm to rrpecify and operate any procedure ohat is 
feasible for the bade aomputer, And we have deeigned the system 60 that the 

cornpL’Gtim performed lor o m  uaer caulnot hterfere with the accurate performance 
of oGlor uaerd tarakn. 

- 

--- 
“he objective in this design of a multi-user ByEatem around a PEP-1 computer 

‘&e b v e  strived 



Eecause of the high expense of display equipment, and the limited capakr:,tjr 
~i tha PUP-1 in maintaining m a y  simultaneous displays, it was necessary tc 
arq~hasize, the typewriter a6 tire principal taeana of communication beewsc-~ C ~ A -  
arid machine. Thu 6fs;play and light pen are incorporated in the ayEtern and srit 
assigned to one user at a Ume. 

Grid it  WSSB not deerwod practical to relocate programss within this Preinroy. ~"G:P- 

seL.m;ztly, only one uoer'a program at P time may occupy core memory, and 
multi-usor operation must be accomplished by .ruining progrant3 in t h e  cequcrrce. 
JVith several programs op@rating, each one i e  placed in the core memory mci rua 
for short time intervals while the other programs are preserved in auxiliary 
etoraga. A unique rnagnettc-drum storage Benes this function in the prc-mnt 
sy~tom.  It has 22 fifelds of 4096 word8 each. One field can be read i~to ti.e core 
nar;;ory while the formor data in the c~rerxremoryalxemsimultaneously writtea ZG 

a ~ a ; . n c i  field. This "swap" takes place in just 33 mbsec for a complete fielci 0: 
,u'va . d r a C C l O n .  - . . - . G I  

forxaance:of the Bystem, end ths above-mentioned l;rtrre presses the Umit impomd 
by the cycle time of the core memory. 

At present, the diystem includeo three consoles, and one display, although 
provision hcio been mads for oxparmion to &even consoles and two display tubes. 
In h e  with our objective of providing for  fnteroctioa with loboratory experiments, 
the system includes a facility for atwching experimental equpmeat to bet operated 
by Gie rryshm. 

In our machine, only a single core memory unit of 4096 registers is avai8iXe , 

Clearly, the speed of the gwapping operation i s  crucial to thc :JLc- 

To oylervfoe the operation af userd programa within the system, a section 
of CQFO memory IP reserved for an executive program. olle function of the executive 
routine is to determine the olequence of operation of USBFP' programs, As i t  waa 

necosrsory to keep the executive routine rrmall to make as much memory a6 possible 
available to umrs, 0 round-robin @chome was adopted5 Each user i o  considered 
in turn, and his program is borought into memory and run if It hag a task td pcr3rm. 
Operation of a program ia terminated when o pcwet time limit i s  exceeded. The 
program isr then returned to the drum and the next user% pgogrem placed in oper- 
ation. The Urn8 limit used i s  approximately 120 m88c. Operation of a program is 
also ended U it has no further computation to perform, that b, if it i s  waiting for 
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? .  

iripuiloutput operations ko be! completed, hare reached a halt instruexien or 113~ 
attexqtcd to perform an illegal instruction. 

Efar.lc?ling of Console - Conversations 

Ira view of the time-6hared mode ol operation outlined above, it io riot p s ~ b l e  
for a program to exercise direct control of a console typewriter arid qerare ;t 
at full speed. In typical typing functinns performed by the PDP-1, the macMse 
spends most of the W e  waitiq-for the typewritor to complete an operation scr 
that tho ~ e x t  character may be transmitted, So that this wasted t h e  may ba utilize3 
bx ~thw bxtciioiis of the system, and so &at a user's program may r w  a type- 

writer continuously at full speed, a set of buffer registers as3 included within 
the executive routine for each console. When a userta program gives a typc-out 
Instruction, the executive routine enters the character to be typed in the spprcpiate 
buffer table. The executive routine periodically interrogates the console ty30- 
vu. iters and transmits ckrarncters to them from the buffer tables a s  they arc 
zk:ei ts ~ c c e p :  th~rn. For eypewriter input, the executive routine erztc-s C~:ZL-LCL,-~ 

117 the :,,popriatc buffer table BU they are typed, and transmits c x  .c;.;r:Bc"Lr to 

a uscr'c program each time it issues a type-in instruction, If E. td7;~-~:at inLtzx9ion 
i s  -Iven by a user's program 8nd the buffer table is full, or a t j 9 e - a  imtruc'~o.3 
is given when the buffer i s  empty, &a program is dismissed until the buffer E ~ ~ ; L L J ~  

changes so that it may cmtinue, 

is in cofiversations conducted by a user fsr brioi phrases with tris program, F're- 
guently, a single character typed by the user callr; for an action by his program. 
For example, in using the program-testing routine DDT, typing a backspace 
causeis the contents of the next register in sepusncg to be printed; typing a slash 
prints the contents of the register addressed by the instruction last printed. 
The iutixnaoy Oi tntercction, and flexibility of language syntax provided by the 
pO88ibtlity of a program reacting to each character typed by the user ia, quite 
afgnificant. Ita realization i s  worth considerable design attention and biome addim 

d 

As we have explained, norrnal use of the typewriter in working with the computer 

thlal 6yStsm 8XPdnb&. 

In terms of the mufti-user system, the character-by-character concept 
requires that a user'61 program be placed in the rouncbrrrbin queue 881 soon as 
ari character has bban typed into ita executive routine buffer, 

14 



T k  - - . -- Console Control Panel 

*. - Providing t5e user with o eonsolts consisting just of a tpxrsitcr for c~mrfic-rai- 
ccting with his program deprives him of several convenient 2::turo~ tha% arc? avail- 
i,?e in norm4 operation of the machine with tSta on-line typewriter. The e;*Andard 
PDP-1 is equipped with six sense switcho~ that can ba set by the user and examined 
by his program to dete;ri=clia..*o the courm of a compuqaticprr. Also, the console 6f the 
mac.'zineb includos a lever that will &tart operation of QI program at an address ageci- 
fied by s group of switches. The most common use of this lever i o  to return control 
to a pmpam-teatirtg routine such as 33DT dter a program ?hat iz being dz?xg~'ed 
hag hung UQ os entered a long or unending loop. At otber t imes,  the start  lever 
may $a u ~ e d  to initiate a particular phase of computation by G ~ Q  ox-m program. It 
16 felt that these features are sufficiently valuable to warrazt including them as a 
part OP each console of the multi-ueer rsystem, A mail  control panel iUust~ated 
in Fig. 3 is associated with each cornolo typewriter, The m w e  switches on the 

d 

pmd E;ubr;tii\tto for the standard sense switches wWe Q program acsizner! to that 
console i p  operating. '&e "calf levera returns control to a program prcviocdy 
specified by the user to the executive routine, Each console panel also includes a 
'lcs~soIc on" switch Oh32 a user t u r n  on to fnckata us desire to use the facility. 
In co~zcqllcnce, an administrative routine is placed at his disposal so that he may 
request assignment of in/out devices and obtain the services of a prozram locder, 
p r o p u n  editor, assembly program or debugger a c c o r a g  Po his need. Tuxing 
tkre owitch off, them on, iillows the cser to co,P~mfcatce with tho administr2"iive 
t~outinct so that assigrwents may be changed. Leaving the Eiivitch off indicates 
to the administrator that the u m r  ia; through 80 that input/output devices and 
menlory assigned to him become available to o+Lher users, 

writer 60 that the UBBC may type a new command to U s  program. The "typen 
indicator light shovra w h n  tme-fn f s  permissible, that is, the executive rolztlne 
buffer is not full, Tho Rruaa lomp i n  turned on while the program aesiznod to the 
c03sols fa in core memory, 

The PUP Display System 

The standard cathode-ray display 6yEst@m Of the PDP-1 plots On0 point on a 
1024 X 1024 grid for each 'd iqtay instruction executed by a program. The hori- 
zontal and vertical goordinates ore given by IO-bit numbers in the accuulator 

The o'siitog print" awftch on each concols panel inhibits printing by tho typo- 
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3i:d in/out register when the display instruction is given. 
a vraual pattern on the? display Bcrden by plotting many indmidual points in rapd 
Cxcetsion. In most case6 the coordinates of the potnte are computed as they are 
ck.drtycd; that is, the pattern to be presented fs described by an algorithm for 
gemrating the points rather than by a list of the points themselves. Thus the oq :o ,n  
pc:;izjn of the rnachine'ts computational capacity Is required to procuce Q sin;>ia 
&qlay of the flexibility and quality t h t  &re pes~ible  with the standard PEL?--. 

If w0 are to,give all user8 of the roulti-ussar system access to the display 
with ais quality, only one display presientation C ~ A  be produced at a time, and 
the zsjority of the machine% capability must be mode available for this purpose. 

The programmer CNL;:S 

This is not inconsiktcnt with making enough capacity available to other wers go 
b t  they m y  carry on typewriter converoationa with satisfactory response. G:i 
?he otkietr b a d ,  the umr Of 0 displrry presentation generally does not need to ebservs 
the h n g o  continuously, but will  be satisfied if  the image can bo cailed into view 
i--.:iGy V ~ M A  desired. The scheme adopted for the present provides zach coxole 
~:i>; E display lover with which a user may activate a display program. Prc,.~a; 
C. - :.;v1sr causes the executive routine to activate &splay inetructioas i n  Cic U B C T ~ ~  

pcc:r&Q and asesign a -$or portioa of the saystem capacity to &at prozr3;l;t u t i l  
t:s c?is;>lay lever i s  releamd. Two operators working with typical ciatiplay programs 
c ~ n  readily share the use of a uhgle display oscilloscope with this arrangement. 

- 

L? the multi-user syetem it ins important to provide a M C ~ ~ S  of fifrng s:ca;'ce 
GZ~C .macUs language programs on auxiliary ratorape for aeveral reaxms: !.n 

;.:t~!~rxtl program file provides a userA e convenience of c u i n g  programs i'ro,n 2ie 
t i l 2  by w e  through typing a command at a console rather than by hturdling paper 
tapes. Also there would be a traffic problem with m a y  wer8 attempting to usc 
one tape reader for entering program8 as they are needed. Therefore, the corn- 
monly used lading, editfng, debugging, and assembly program@, and important 
subroutinee, ore kept permanently on on0 section of the drum. Another area 
on the drum fllorr progrruns for umro aa long at3 they are operating from 8 console. 
A? user enter6 U s  own programa into the drum file through the pager tape reader 
at the begimbg of a oersrion of usage. Than he may retrieve them from the fils 
ata needed by typing a simple command. After editing or assembly, newly formu- 
lated programs may be entered in the library. Updated programs may be recorded 

witg 

I 
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A major objective of the PDP multi-urics system i s  to prGrnLe means of t y i i ~  
physical oxperinnento; into the system 80 t b t  the machine ;mag process data in 

t h e  for presentation to an experimenter, 



C-: srz%: Priilciples 
I I- - - -- 

To fiz-plernont the multi-user syrrtem and achieve the ~ Q & S  ouflhcd abovc, 
it VJLB xcessary to augment the standard PDP-1 computer with sc~;=?e equipment 
d e s i p z d  rspecifically for this purpose, The magnetic drum that can swap informa- 
tion wf?h the, mapetic core memory was developed by the mlurufacturep$the FDP-l 
specifically to facilitate time=shared operation. 

Cthor adcWions were, for the most part, minor but important additions to t9te 
logic of the standard machine fcx-ttheifollowingt purpoojes. 

1 To prevent interferenae among prograrne running for differe4t users. 
2. To allow efficient opersticn of the executive routine ixl a email amount 

of memory, 
3. To bcflitate conversations between userd programs and comoles. 
4. To permit direct opdration of external devices by user's programs. 
Ttte Epccffice hardware features that b v e  been aclaed are the following. 
1. A set of executive instructione which allows the executive routico to 

perform i t8  functioaa. 
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2. 

3. 

4. 

5. 
6. 

An aosignmant regirter that contaim a mamoiy bund applicable to 
a particular u ~ e r ,  and codeo indicating what In/out devices (console, 
pwbh, reader, dioplay, and external device) are aesigned to this uoer, 
It le loaded by an executive inotruction. 
A t w o - c b e l  eequence break cyrtem. "he Ugh-priority chamel defiaeo 
executive mode and errtablisherr operation of the executive routine when a 
trap or interrupt condith ir met (&e described below), The low-priority 
channel ia arraqpd to appear to each uaer am the me-ahannd mquaxace 
break feature 61 the rtorlndard machine, 
Control toea for up to oeven typewriter consolsrp, 
An alarxn'clock for timing operation of u ~ e r b  program@. 
Selection logio to permit connection ol externel appratur for #wen userm. 

The executive routins conrirta of two mootiom aa p h o n  in Fig. 4. The common 
portion romciltrrr perpetually in core memory and contain# the bufferr for CharPCtwo 

that are bsw trrrnsmittcd to each conoole, or punch and characters typed in en 
route to a u ~ e r d  program, The copltma31 portion emtahe the mutine& that eervicu 
input/output devices a8 required, and the program requencing algorithm. The 
private block of the executive routine contatno routine. U t  provide the bput/output 
facility atatw information and featuea epecifio to a particular user, ln general, 
the private block ir different for each mer irr corrsopmdfmcre with Ufering need. 
for oerviceo md input/output UWi(~e8, 

program when o program awap'occur& 

entered through a trap or an ewecuUve interrupt. 

operation of uoerb program, wbich include the foulowing. 

- 

c 

i 

/ 

The private block ir alwayr traasferaed to and from fbe anUn with tho user@@ 

Tha executive routine operatsa with the machine La m executive mode which i s  

A trap ariser from any af a number of opscific inotructim encountered during 

1. Ulegal frutntctionr - The &It htructAon, laptructioza8 h~ving addrerrseo 
above the memory bound, instruction8 referrirrg to &/out dovicer not 

routine. 
2. Input/output tnrtructiobo interpreted bg the erecutivcl rmUne-Wswxkao.m 

operating tho cronrolo typewriterg,tape puaah and readaf, ond drum instructions. 
3. ~ervioe requert - 8 upwid instructioa that requerk an Wt aclaqnaaaat 

or a pcogrrmnring- feature him the admiairtrator, 

aoeigned to thtc umr, and rparclal Inrtruatioru r8rervsd for the 8xecuUvo 7 

\ . 
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' When a trap occurs, the executive perforans the function called for by the 

instruction causing the trap, aad returns control to the u6ier's program. In the 
cage of illegal Instructions, control is not returned to the users' program, but 
the administrative routine ie notified so that it may take appropriate action. The 
organization of the executive rQutinG io illustrated schematically in Fig. 5.  

Executive interrupts arise from conditions external to the uaer'6 program 
W ~ ~ C A ,  rcquire the attention Of the executive routine. These are the tollowing. 

1 .  A conaole typewritera the punch, or the tape reader requires service. 
2. A console owitch is turned on or off, or a call button isr operated. 
3. The &lam clock COiir'iLbi out, 
A8 indicated in Fig. 5, un interrupt cauwm any necep;sary servichg of consoleo 

b 

to be done. Changes in console switches are noted. Xf the clock hqa rung,r;~gnaUng 
the end of a program's wft of computation, the executive routhe oearchea for 
Z L K X Q ~ ~ E  wer'a program that i s  ready for execution. 

The admini8trative routine normally resides on the drum and is placed 
in the round-robin queue when Its services are required. A umr may request 
arasignment of ingut/output devices or ~arvicacs provided by the administrative 
routine either by typing the requ%8t at a console, or by executing a special 
instruction in his program. 

Comments on Performance and Suggestions for Improvement . - -----I 
The system described here was demonstrated fn hnay 1963, and made available 

for general UPLB during the following sumxnec. Figure 6 ahowe the system in oper- 
ation. Incorporated fa the Byotem is a verrsion of the wdebuggingH program DDT 
arranged so that it cannot be iW.e.red2 by any action of 8 user or hio propram. 
As the administrativa! routine ia not yet complete, ita functions are porfonnQa by 
command8 to DDT. e 

ond program %sbuggfngW the time-shared facility has already proved quite valu- 
able. In fact, moot usera perfer time-shared operation to informal um of the 
otandard machine, baaause of features prwidsd by the ~ystem that are not avail- 
able otherwi~e, 

h e  equfpmanbcontrol problem ha8 already baen knp1emonted within W e e  
  ha red operatioa - the use of t8e computer to direct arid track a high-gain antenna 
tor radio ootrononry sxperhsnt~ .  Thilp application requirec tho executioa of a plhort 

For tho octivftierp of eating source-language pfop9m8, performing asaembliw, 
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c0mpuUation once a rntnutc throu&hsuf o run 010 many hours tiuratiaa, and tilug 
tho advantage of UMe-hred opocation is clear. 

Although the systems programming for time-shared cpcratiorn tpas not yet 
reached tbe f o m  envisioned, it i6 still posSi~~eto.Eoresee~QSe. atpcctgi of syt -  
tern performance for  wUch the need for improvement wil l  be most seriaa. 

Probably of most fnrportance is the lack sf EZ aufficicmtly largo prograrlr hlo. 
Storage space on the drum i ts  limited and ia  mor^ vduak2c for other purpo~ue. 

It is natural at present to think of 8 large disc stora~e as BL wlution. tz'e b v e  
bosa considering the use of the small, cheap, m;zg;netlc taps units that have 
rercerntly become available as being ~ Q T C  in keeping with the t;LCormc33. orgad- 
a t i o n  of the facility. Wth thc zaagne5c tapa wrctnzemsnt a user could carry 
k&~ p e r s o d  program file to Uae computer in tbc form of a four-inch reel of tape 
and carry the up-dated lire away in his pocket ~ h o ~  he lcaveo. 

Communication with the mer thraqh the cii~2hy oscilloscope ic tar from 
ideal in the present acrangmnent, as the full ca.mbili9y of the computer frs generally 
required to maintain an image oa 'Sna clloghy tu30 PO a s~quence of siiaividtlaUy 
plotted pinta.  Thus only orne user of the 8yafem may view a quality dhpPay at 
a -e, and the system can do little in adidition except k n d c  srniple typewriter 
communication tasks for other users. Two techniques seem especially eppropri- 
ate for inngroviry the display p~rformmee. Gno is tb reduction of the data rate, 
to &e display unit and speed-up of image gcilc.r;2tion through a pattern geucrator 
that can p.roduce characters and straight-line segments from c~codec! data. The 
o*&er tdmiquo b baing the display uiut 0b';nii.r its; c?st3 directly from fhe ceatrol 
rneraory ot the computer throu& a &Pa cixuael connection so that tbo 8ttentiG~$ 
uf Qhsr processor is not required, These nnet2aods still allow &a ucie of tibe light 
pen to aslect an object in a disptay uno,no and interrupt the program 60 that the 
Meatity of the dieplayed object i s  irxrrncciiately known, 

does not peraait opertirticm of programs that depend on execution in real time for 
succes8. Such programs cannot be run carrlactly without making the proceohg 
unit of the eystem unavailabls to all other~sep'ai;: of the syostem, including the UQCU- 

tfve rouflne, for the dunatton of tho real-qfmar wa. A raesolution d this problem 
i s  to build mtdtiacceso computer systems with efleotively more? than one pmcc~&bg 
unit BO that sever& program scq~c?~co8 may bar executed fa parallel. Tben one 
rtequeace could b aoafgned to a red-tfme user for as long a& neceamry, while 

. 
1 

-, 

c , 

With regmd to communicating with lEaborate3x-y c~uiprm~ent, $he present system 
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Figure Captions 

Fig. 1 . General lnywt Oi a large time-shared computer. 

- "'id. 2. Grgnnization of the PEP-1 computer, 

A'ig. 3. Concole control panel. 

Big. 4, Oryi?inlzatton of executive routine in mernozy, 

T- 

Fis, 5, Fiow c;lfagrou of executive routine o p m W - m .  

Fig. 6. The multi-user system In operation. 
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